Abstract: A novel concept, called range-Doppler surface (RDS), for human target analysis using ultra-wideband radar is proposed. The construction of RDS involves range-Doppler (RD) imaging, adaptive threshold detection and isosurface extraction. A Keystone-transform-based range migration compensation approach is proposed to allow high-quality RD imaging using ultra-wideband radar. Adaptive threshold detection is applied to detect the extended target in the RD image, and RDS is constructed by extracting an isosurface from a RD video sequence, which is defined as a sequence of RD images. In comparison with micro-Doppler profiles and high-resolution range profiles, RDS contains range, Doppler and time information simultaneously. An ellipsoid-based human motion model is designed for validation. RDSs simulated for different human activities are demonstrated and discussed. Finally, experimental results for single/ two-people walking scenarios are presented to verify the simulation results. The use of the RDS opens a new area of human target analysis.
Introduction
Human target analysis is acknowledged to be useful for a wide range of security and safety applications, such as through-wall detection and ground surveillance [1, 2] . The analysis has usually been conducted in the time-frequency (micro-Doppler) and time-range (high-range resolution profile [HRRP]) domains. Chen first introduced the micro-Doppler concept to the radar community in [3] . Time-frequency transforms, such as the short-time Fourier transform, are used to analyse target Doppler signatures in slow time. Since then, studies have investigated micro-Doppler based target feature analysis [4] [5] [6] [7] [8] [9] . The HRRP of human targets has also been studied [10] . Micro-Doppler profile and HRRP, which are both generated by micro-motions, have their shortcomings: they only contain information from either the time-frequency or time-range domain. Micro-Doppler analysis neglects range information while HRRP analysis neglects Doppler information.
Therefore, to analyse the target signature more comprehensively, we propose a new concept called range-Doppler surface (RDS). As an alternative to the micro-Doppler profile and HRRP, RDS is a radar target representation extracted from a three-dimensional (3D) data cube -the range-Doppler (RD) video sequence [11, 12] . The RDS consists of all the important information contained in both HRRP and micro-Doppler signatures. The present study analyses the RDS using simulated and real radar data. Results suggest a new area of human target analysis and classification.
It is worth mentioning that the term 'RDS' has been presented in prior works [13] [14] [15] . It was used for a two-dimensional (2D) RD image that is shown in a 3D perspective. In this work we propose this term to describe the time-varying RD isosurface information. RDS is referred to 3D visualisation for the first time in this study, and it is indeed a suitable, precise term to describe this concept. This paper is organised as follows: In Section 2, the construction of RD video sequence is introduced. In Section 3, the RDS of a simulated human target is presented. The RDS of real human targets are demonstrated in Section 4. Finally, conclusions are drawn in Section 5.
RD video sequence

Ellipsoid-based human backscattering model
Two different human motion models have commonly been used in the literature: mathematical parametric model [16] and empirical non-parametric model [17] . The parametric models (see Fig. 1a ) are designed for some specific motions (i.e. walking and running), and users are able to manually adjust motion parameters, such as speed and human height. The empirical non-parametric models, which are constructed from human motion capture data, are usually more realistic than the parametric model. For non-parametric models, more motion types (e.g. jumping and dancing) are publicly available, and it is also simpler to capture new motions. In the motion capture database of Carnegie Mellon University [18], a motion capture system consisting of 12 infrared cameras and 41 markers (see Fig. 1b ), was used to capture motions.
For this study, the empirical non-parametric model is selected. An ellipsoid-based human backscattering model has been designed. 31 joints are used to model the human body, and every two adjacent joints define a body segment, which is approximated by a prolate ellipsoid as follows:
where (x 0 , y 0 , z 0 ) denotes the middle point position of the two joints, and (a, b, c) are the lengths of the semi-principal axes. When a = b, the ellipsoid becomes roll symmetric, and the volume of this ellipsoid is defined by
Typical volume sizes of different body segments are given in [19] . Assuming known volume and one semi-principal axis b, the length of the semi-major axis c can be estimated. The radar cross section of this ellipsoid can then be approximated by using the classical 
where θ is the angle between the direction of the major axis and the direction to the receiving radar antenna.
The whole human body is modelled as an extended target consisting of multiple moving point scatterers located at the centroids of the ellipsoids. The reflected signal amplitude of each scatterer is given by the approximated ellipsoid RCS. Human range profiles are generated by coherently summing echoes from multiple point scatterers. The radar echo is simulated by a sinc function in the time domain for each scatterer. The width of the sinc function is inversely proportional to the bandwidth of the radar system. The phase of the sinc function is computed with respect to the time delay introduced by signal round-trip distance to the scatterer. The Doppler effect occurs as a phase change of the sinc function from one pulse to another, due to the motion of the point scatterer. According to human kinematic study in [4] , one complete human gait consists of four main phases: (i) double support (both feet are on the ground); (ii) right stance (only the right foot is on the ground); (iii) double support; (iv) left stance (only the left foot is on the ground). One gait of the ellipsoid model based human target is shown in Fig. 2 . The 3D trajectories of different body segments are illustrated in Fig. 3 , where the person is moving away from the radar. The head and thorax fluctuate around a certain height, and the hands and feet move forward in a spiral way. The motion of the left hand/foot is complementary to the motion of the right hand/foot.
The simulated bistatic range/velocity trajectories are demonstrated in Fig. 4 . Although the trajectories of different body segments can be distinguished in Fig. 4 , these body segments are actually non-separable in HRRP and micro-Doppler images because of overlaps of the echoes. These overlaps introduce an extra challenge for target feature extraction and classification. Therefore, different approaches have been proposed to separate scatterers in HRRP [10] or micro-Doppler [21] . In following sections, a new concept, RDS, is proposed to overcome the mentioned drawback of HRRP and the micro-Doppler image.
RD processing using Keystone transform
Defined as a sequence of RD images, the RD video sequence [12] was proposed to describe the slow-time evolution of target RD signatures. One pulse repetition interval (PRI) can be used as a typical interval between two frames. Five out of all the frames are shown in Fig. 5 , and the human RD shapes between consecutive frames are also demonstrated.
A classical way for RD processing is to apply Fourier transform to samples from a fixed range bin over one coherent processing interval. This interval is theoretically limited by the time during which the target stays in the same range bin
where δ r denotes the down-range resolution and v indicates the radial velocity of the target. Although UWB radar has often a high range resolution, its Doppler resolution is rather limited if conventional Fourier-transform-based RD processing is applied, since a target may traverse multiple range cells in one coherent processing interval. Therefore, we have proposed the Keystone-transform-based range migration compensation approach for RD processing in UWB radar [22] . The goal of the Keystone-transform-based approach is to improve the Doppler resolution of UWB radar by eliminating the Doppler widening effect, and also decrease the target blurring in the RD image. Keystone transform was proposed originally for target migration compensation in synthetic aperture radar image processing [23] . It has also been used in wideband radar to align range profiles and increase the coherent integration gain for detecting dim/high-speed targets [24] . It is shown that the Keystone-transform-based approach outperforms the conventional Fourier-transform-based approach [22] . We provide a brief introduction of Keystone transform. Interested readers may refer to [22] for more details.
Since the selected human backscattering model is represented by coherent summing of echoes from multiple point scatterers, one point scatterer is considered here to derive the Keystone transform. Assuming that the radar transmits a coherent burst of M pulses where t is the fast time, p(t) is the complex envelope of a single pulse, T r is the PRI, and ω c is the centre frequency. The echo of a moving point scatterer can be described by a delayed, attenuated, and frequency modulated/scaled version of the transmitted signal in (5)
where α is the complex amplitude, and t(t) is the round-trip time delay. Assuming that the radial velocity of the target v is constant during the coherent processing interval, the round-trip delay can be approximated by 
where R 0 and t 0 are the initial range and time delay, respectively. c is the speed of light. Note that, by convention, positive velocity indicates that the target is moving towards the radar. Substituting (5) and (7) into (6) leads to
where constant phase terms have been absorbed into the complex amplitude α. Note that all the constant terms will be absorbed, and the variable name will be kept as α.
For notational convenience let us introduce the fast-time t ′ by changing the variable: t ′ = t − mT r . Substituting t ′ into (9), after demodulation the baseband signal in the fast-time/slow-time domain is given as
In radar, it is usually assumed that the target remains static in one vT ≪ DR,
where ΔR = c/(2B w ) is the range resolution of the radar, and B w is the signal bandwidth. This indicates that the Doppler effect in fast time is negligible. Ignoring the term (2v/c)t ′ , and thus (10) can be simplified as
To simplify the derivation, replacing the discrete slow time mT r with t s in (12) and denoting 2v/c as β, the reflected signal in fast-time/ slow-time domain is defined as
Applying Fourier transform over fast time t′, we obtaiñ
whereP(v) denotes the Fourier transform of p(t). The first exponential term in (14) accounts for a phase shift introduced by the initial time delay t 0 . The second term is the Doppler shift on the centre frequency, and the third one is the fast-frequency/slow-time coupling term corresponding to the range migration βt s in (13) . Therefore, if the third term is compensated, the migration effect can be mitigated in the fast-frequency/slow-time domain. Grouping the second and the third term, we rewrite (14) as
The second term e jβ(ω +ω c )t s indicates that the Doppler frequency β(ω + ω c ) varies with respect to different sub-bands. Keystone transform is denoted as
which is, in fact, a scaling along slow time. Substituting (16) into (15), we obtain:S
in which the coupling term is removed through the time scaling. After Keystone transform, the time scale in each sub-band becomes different, hence resampling has to be performed along slow time of the Keystone shape matrixS rx (v, t ′ s ), to square the Keystone before applying the inverse Fourier transform. The resampling can normally be done by sinc interpolation [25] . Then, the inverse Fourier transform is applied to (17) over ω, and the migration compensated signal in the fast-time/slow-time domain is given by
Comparing (18) with (13), it is found that the migration term βt s is mitigated. The target is corrected to be in the same range cell t 0 , and the phase information is still preserved. Therefore, Fourier transform can now be performed on S rx (t ′ , t s ′ ) over t s ′ to obtain the optimal RD processing result:
According to FT pair:
Equation (19) is simplified as:
where ω s indicates the slow frequency, f d = 2v/l is the Doppler shift of the scatterer and the wave length l = c/f c . Since the Doppler frequency is proportional to target velocity, the target range-velocity equation can then be given by rewriting (21):
In Fig. 6 , the range-velocity images of one simulated human gait are given by the Keystone transform based approach. The operational frequency band of the simulated UWB signal is 3.1-5.3 GHz. The pulse repetition frequency is 400 Hz, which leads to a maximum unambiguous velocity of 7.14 m/s. After Keystone transform based range migration compensation, the echoes of these fast-moving body segments (e.g. hand or foot) are well focused and clearly visible. Note that the arm responses are difficult to be separated with the thorax response, since they heavily overlap with each other.
RD surface
RDS construction
Before constructing the RDS, it is essential to detect the target in the RD domain, since detection allows the extraction of targets and elimination of false alarms. The cell-average constant false alarm rate (CA-CFAR) procedure [26] is a classical approach of detecting a target in noise and clutter. Detection is performed employing a 2D CA-CFAR procedure [27] in the RD domain. For each RD image in the RD video sequence, a sliding 2D window is applied to scan this RD image pixel by pixel. For each pixel, it is claimed as detected if its intensity exceeds an estimated threshold. In Fig. 7 , a typical 2D window is shown. The cell-under-test covers the target reflections. The reference cells estimate background noise for computing the detection threshold. The guard cells separate the cell-under-test and reference cells as a barrier. The sizes of these cells strongly affect the performance of the CFAR detection, and thus should be tuned carefully according to radar parameters and target characteristics (e.g. signal bandwidth, maximum unambiguous Doppler and target velocity). In Fig. 8a , the detected scatterers of a simulated human target are shown in a 3D volume, where the intensities of different scatterers are represented by various colours. Note that the simulated radar system uses the same parameters as used in generating Fig. 6 . Finally, the RDS (see Fig. 8b ) is constructed by creating a surface that has the same intensity value within the 3D range-Dopplertime volume (i.e. RD video sequence) in Fig. 8a . Isosurface plots are similar to contour plots in that they both indicate where values are equal. The Matlab ® function isosurface is applied to extract the isosurface from the volume using a user-defined isosurface threshold. The isosurface connects points that have the specified value much the way contour lines connect points of equal elevation. Note that the difference of the surface colour in Fig. 8b is not due to different intensities, but due to the lighting effect used to illustrate the 3D object in Matlab ® . Selecting a reasonable threshold is important in this procedure, because this affects the final output significantly. Although currently the threshold is set manually, automatic approaches to construct the volume surface are certainly interesting in future studies.
RDS projection
Target analysis has been commonly done in the time-range domain or time-frequency domain. As mentioned above, HRRP neglects Doppler information while micro-Doppler neglects range information. Furthermore, micro-Doppler is difficult to be used in multi-target situations, since the Doppler spectrums of different targets may overlap. The RDS shows the target surface in the 3D range-Doppler-time space. All the important target's information, which might be contained in HRRP and micro-Doppler, is included in RDS. Figs. 9a and c show that the body segments are non-separable in both HRRP and micro-Doppler image because of the severe overlap of the echoes. However, RDS (see Fig. 8b ) and its 2D projections (see Figs. 9b and d) provide a new way to show the overall view of the target information. The scatterer overlap that exists in HRRP and micro-Doppler, is decreased in RDS. The feet and hands can be separated directly in RDS without involving additional processing that is normally demanded in HRRP and micro-Doppler images.
The RDS of different body segments are presented in Fig. 10 . The responses of the feet are well separated in either range or Doppler, and the responses of the thorax and hands overlap with each other. The feet has a larger Doppler offset than the thorax and hands. 
RDS of different human activities
RDS of two common human activities, running and jumping, has been investigated. As shown in Fig. 11a , the RDS of running is similar to the RDS of walking in Fig. 8b . The backscattering of feet is still well distinguishable from the backscattering of other body segments. The velocity of the thorax is higher than that of walking, and the hands overlap more heavily with the thorax. This is probably due to the fact that the human arms are mostly bending and closer to the thorax while running. The RDS of forward jumping is presented in Fig. 11d . In the time-range domain, the range of the target changed quickly in a short period, and the backscattering of different body segments is visible. In the time-velocity domain, the Doppler spectra is quite different from that of walking/running, and backscattering of different body segments is also separable. The obvious difference among walking, running and forward jumping proves that RDS has good potential for human target classification, provided that adequate features can be extracted from RDS.
RDS of measured human backscattering
PulsOn 400 radar system, manufactured by Time Domain Corporation [28] , was used to acquire measurement data (set-up see Fig. 12 ). Its operational frequency band is 3.1-5.3 GHz, and the signal is modulated by an m-sequence. The transmitted power is −14.5 dBm. The pulse repetition frequency is 200 Hz, and the sampling frequency is 16.39 GHz. More details about this radar are given in the literature [29] .
In the measurement, two scenarios were considered: single-person walking and two-people walking. The RDSs generated for these two scenarios are presented in Figs. 13 and 14 , respectively. The RDS for the single-person scenario is similar to the simulated RDS shown in Fig. 8b , and the capability of RDS to separate body segments is demonstrated again in Figs. 13d and e. It should be noted that in the processing for real data, static clutter is removed via moving target indication before constructing RDS, which cancels the clutter and also the stationary parts of the human body. More precisely, in each walking step, the reflection from the stationary leg/foot is rejected while the reflection of the moving leg/foot is retained.
In Fig. 14 , the RDS of the two-people scenario shows that the backscattering of the human targets is automatically separated in the 3D range-Doppler-time space. This indicates that RDS is not only able to show the RD signatures of a single extended target, but also able to separate (or even track) multiple targets in the RD video sequence. Additional processing to separate multi-target reflection (e.g. the separating method proposed in [29] ) is not required any more.
As an example, the RDS has been demonstrated for human target analysis using an S/C-band UWB radar, but RDS itself is in fact a generic tool. It can be used in various applications, such as feature extraction, tracking or classification. Similar to micro-Doppler or high-resolution range profiles, the RDS has the potential of being used to analyse different types of targets (e.g. people or animals), and also used in different types of radars (e.g. S-band, C-band or X-band radar).
Conclusion
A new concept, called RDS, was proposed to analyse human targets using ultra-wideband radar. The RDS is extracted from RD video sequence. The effectiveness of using the RDS was demonstrated by simulated and experimental data. As an alternative to micro-Doppler and high-resolution range profiles, RDS preserves all the significant range-Doppler-time information. Illustrating an overall view of target signatures, RDS opens a new potential research area. Future work will explore applying RDS for target segmentation, tracking and classification, and automatic construction of the surface will also be investigated.
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